We assessed the eVect of whole-stream nitrate enrichment on decomposition of three substrates diVering in nutrient quality (alder and oak leaves and balsa veneers) and associated fungi and invertebrates. During the 3-month nitrate enrichment of a headwater stream in central Portugal, litter was incubated in the reference site (mean NO 3 -N 82 g l ¡1 ) and four enriched sites along the nitrate gradient (214-983 g NO 3 -N l ¡1 ). A similar decomposition experiment was also carried out in the same sites at ambient nutrient conditions the following year (33-104 g NO 3 -N l
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We assessed the eVect of whole-stream nitrate enrichment on decomposition of three substrates diVering in nutrient quality (alder and oak leaves and balsa veneers) and associated fungi and invertebrates. During the 3-month nitrate enrichment of a headwater stream in central Portugal, litter was incubated in the reference site (mean NO 3 -N 82 g l ¡1 ) and four enriched sites along the nitrate gradient (214-983 g NO 3 -N l ¡1 ). A similar decomposition experiment was also carried out in the same sites at ambient nutrient conditions the following year (33-104 g NO 3 -N l
¡1
). Decomposition rates and sporulation of aquatic hyphomycetes associated with litter were determined in both experiments, whereas N and P content of litter, associated fungal biomass and invertebrates were followed only during the nitrate addition experiment. Nitrate enrichment stimulated decomposition of oak leaves and balsa veneers, fungal biomass accrual on alder leaves and balsa veneers and sporulation of aquatic hyphomycetes on all substrates. Nitrate concentration in stream water showed a strong asymptotic relationship (Michaelis-Menten-type saturation model) with temperature-adjusted decomposition rates and percentage initial litter mass converted into aquatic hyphomycete conidia for all substrates. Fungal communities did not diVer signiWcantly among sites but some species showed substrate preferences. Nevertheless, certain species were sensitive to nitrogen concentration in water by increasing or decreasing their sporulation rate accordingly. N and P content of litter and abundances or richness of litter-associated invertebrates were not aVected by nitrate addition. It appears that microbial nitrogen demands can be met at relatively low levels of dissolved nitrate, suggesting that
Introduction
The primary source of energy and carbon in small woodland streams is allochthonous organic matter provided by trees from the riparian zone (Fisher and Likens 1973; Vannote et al. 1980; Webster and Meyer 1997) mainly in the form of leaves and wood. Both microorganisms and shredding macroinvertebrates are important players in decomposition of this organic matter and their relative importance varies signiWcantly among streams (e.g., Hieber and Gessner 2002 and references therein). Microbial decomposition in streams is primarily driven by aquatic fungi (Kaushik and Hynes 1971; Gessner and Chauvet 1994; Baldy et al. 1995 ) that incorporate leaf carbon into their mycelial biomass and conidia, mineralize it and also enhance leaf consumption by shredding invertebrates through leaf litter conditioning (Bärlocher and Kendrick 1981; Suberkropp 1992; Graça 2001) . Since fungi can obtain nutrients from both the substrate and surrounding water (Suberkropp 1998) , both litter quality (Gessner and Chauvet 1994; Royer and Minshall 2001; Díez et al. 2002; Stelzer et al. 2003 ) and nutrient concentrations in water (Suberkropp and Chauvet 1995; Niyogi et al. 2003; Pascoal et al. 2001 Pascoal et al. , 2003 can aVect their activity and hence plant litter decomposition.
Nutrient enrichment generally stimulates decomposition of plant litter in streams and associated microorganisms (e.g., Elwood et al. 1981; Grattan and Suberkropp 2001; Gulis and Suberkropp 2003) and the stimulation eVect is more pronounced for low quality (i.e., low nutrients and high lignin) substrates (Stelzer et al. 2003; Gulis et al. 2004) . However, in streams where a certain inorganic nutrient (i.e., N or P) is not limiting, further increases in its concentration in water may not enhance litter decomposition or activity of associated microorganisms (Grattan and Suberkropp 2001; Royer and Minshall 2001) . Furthermore, in case of organic pollution (e.g., sewage eZuents), the oxygen concentration in water may drop signiWcantly, which can lead to decreased activity, abundance and/or diversity of invertebrates and microbial decomposers, resulting in slower decomposition rates (Pascoal et al. 2001) .
The numbers, diversity and biomass of invertebrates colonizing leaves have been related to nutrient concentration in stream water (Rosemond et al. 2002; Niyogi et al. 2003; Pascoal et al. 2003) . The higher abundances of invertebrates associated with submerged leaf litter were reported in fertilized stream-side channels in comparison to the control (Pearson and Connolly 2000) and in fertilized versus control bags that corresponded to accelerated litter mass loss (Robinson and Gessner 2000) . This could be a result of an increased fungal biomass associated with leaf litter (as reviewed by Graça 2001) , but Robinson and Gessner (2000) did not report such increases.
Field studies assessing the eVect of nutrients on litter decomposition and associated parameters have relied on comparisons of the reference unit(s) with (1) already existing high nutrient streams (Suberkropp and Chauvet 1995; Díez et al. 2002; Niyogi et al. 2003) or (2) experimentally enriched litter bags (Robinson and Gessner 2000; Royer and Minshall 2001) , Xow-through (Grattan and Suberkropp 2001) or stream-side channels (Pearson and Connolly 2000) , whole streams (Elwood et al. 1981; Newbold et al. 1983; Gulis and Suberkropp 2003; Stelzer et al. 2003; Gulis et al. 2004) or catchments (Chadwick and Huryn 2003) . A few studies dealt with decomposition and associated parameters along a nutrient gradient, within several streams (Suberkropp and Chauvet 1995; Rosemond et al. 2002; Niyogi et al. 2003) or within the same polluted river (Pascoal et al. 2003) . However, diVerent streams or reaches several kilometers apart may vary not only in nutrient content, but also in other physical, chemical or biological parameters.
In this study, we attempted to avoid such confounding eVects by creating an experimental nitrate gradient within a short reach in an N-limited, Wrst-order forested stream in central Portugal and sampling at several sites within this reach (1-12 times ambient N concentration). We studied the eVect of nitrate enrichment on decomposition of three substrate types diVering in initial nutrient quality and on associated fungal and invertebrate parameters. SpeciWcally, by creating a nitrate gradient we attempted to address the quantitative aspects of the response of decomposition and associated parameters to enrichment, such as the shape of the response curve or the existence of threshold or saturation phenomena within our nitrate concentration range.
Materials and methods

Study site
The study stream was located in the Margaraça Forest (Açor Mountains, Central Portugal, 40°13ЈN, 7°56ЈW). The forest is a 50-ha protected area with NNW exposure, ca. 25° slope and altitude ranging from 600 to 850 m a.s.l. The area has schistous soils and is covered by old growth deciduous forest composed mainly of Castanea sativa Miller, Quercus robur L., Arbutus unedo L. and Ilex aquifolium L. (Paiva 1981) . The same trees dominated the riparian zone of our experimental Wrst-order stream providing a closed canopy.
The experimental stream reach was ca. 270 m long, 0.7-2 m wide and had a maximum depth of about 10 cm. It is a softwater, circumneutral stream with relatively low dissolved inorganic nitrogen concentration, but high soluble reactive phosphorus (SRP), which could be explained by underlying geology. Some physico-chemical parameters of the stream during our experiments are presented in Table 1 . We did not Wnd any obvious trends in nutrient concentrations along our 270-m experimental reach during the decomposition experiment under ambient conditions or just before nitrate addition started (see below). For more information about the stream see Abelho and Graça (1998) .
Nitrate gradient
The nitrate enrichment experiment was designed to: (1) achieve the target NO 3 -N concentration of 1,000 g l ¡1 in the most enriched site (i.e., ca. 12 times the ambient concentration), (2) obtain a gradient of nitrogen concentration downstream from the addition point, and (3) achieve the nitrate concentration just above the ambient in the most downstream site. Continuous enrichment of stream water (9 October 2003-30 January 2004) was achieved by dripping concentrated Wltered NaNO 3 solution from a battery of Wve 5-l glass Mariotte bottles. Bottles were reWlled weekly and the dripping rate was corrected according to the instantaneous discharge (see below).
Litter bags (see below) were incubated in Wve sites (each 3-5 m long): the reference site just upstream from the addition point (R) and four enriched sites downstream from the addition point, at 10 (N1), 100 (N2), 220 (N3) and 255 m (N4). We achieved a good contrast in nitrate concentrations among these relatively closely spaced stream sites (Fig. 1 ) because of presumably high biotic nitrate uptake and a dilution eVect (discharge increased by ca. 40% from R to N4). In autumn 2004, litter bags were incubated at the same sites, but nutrients were not added (Fig. 1) , and this decomposition experiment is further referred to as the "ambient nutrient conditions" experiment.
Water parameters
Water samples for nutrient analyses were taken weekly during the decomposition experiments. Water was Wltered in the Weld through glass Wber Wlters (Millipore APFF), transported to the laboratory on ice and frozen until analyzed. Additional unWltered water samples were taken during the nitrate addition only and analyzed within 24 h for ammonium and alkalinity (APHA 1995) . Nitrate and ammonium were determined by ion chromatography (Dionex DX-120, Sunnyvale, Calif., USA), SRP by the ascorbic acid method (APHA 1995) and alkalinity by titration to an end pH of 4.5 (APHA 1995).
Water temperature was continuously monitored at the reference site (both years) and additionally at N4 site during the nitrate addition experiment with Optic StowAway temperature probes (Onset Computer, Pocasset, Mass., USA) that recorded temperature every 30 min. Stream water conductivity (WTW LF 330, Weilheim, Germany) and pH (JENWAY 3310, Essex, UK) were measured weekly. Stream discharge was determined weekly (to adjust the nitrate addition rate; see above) by short-term conservative tracer (NaCl) release. Stream water conductivity was measured 10 m downstream from the release point after it reached the plateau in about 10-15 min, background conductivity was subtracted and discharge was calculated based on the increase in chloride concentration in water (Mulholland et al. 1994; Webster and Ehrman 1996) .
Litter bags and decomposition
Three substrate types were used in our decomposition experiments: leaves of alder (Alnus glutinosa (L.) Gaertn.) and oak (Q. robur L.) in batches of 3.0-3.5 g per bag and balsa veneers (Ochroma pyramidale (Cav. ex Lam.) Urb.), two veneers 10£7£0.1 cm (1.8-4.6 g) 
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per bag. Leaves were collected in October-November 2003, just after abscission, air-dried and stored until needed. Balsa veneers were purchased from a local supplier.
Substrates were deployed in the stream in coarse mesh bags (10£15 cm, 10 mm mesh size) on 5 November 2003 (nitrate addition experiment) and on 17 October 2004 (ambient nutrient conditions experiment). Twenty bags of each substrate type were aYxed to the streambed with nails at each experimental site. Four to six extra bags of each substrate type were taken to the stream and brought back to the laboratory the same day to determine initial ash free dry mass (AFDM, see below) and to take into account losses due to handling. Alder was sampled weekly over 5 weeks, oak and balsa at 2-to 3-week intervals over 12-15 weeks. At each sampling date, four replicate bags per substrate were retrieved from each site, placed in individual zip-lock bags and brought to the laboratory on ice for processing (within 24 h after collection). Each sample was gently rinsed with distilled water onto a 500-m mesh sieve to remove sediments and invertebrates (see below) and two sets of Wve disks each (12 mm diam.) were punched out with a cork borer for fungal biomass and sporulation rate determination (see below). The remaining material was dried at 105°C for 24-48 h, weighed, ashed at 550°C for 4-6 h and reweighed to determine AFDM remaining.
Nitrogen and phosphorus in litter
On day 0 (alder, oak and balsa), 25 (alder), 55 (oak) and 86 (balsa) of the nitrate addition experiment, a subsample of leaf material or veneer was taken for nitrogen and phosphorus analyses. Nitrogen was extracted from 1.0-2.5 mg of ground oven-dry material (105°C, 24-48 h) by acid digestion (96% H 2 SO 4 plus CuSO 4 ) on a hot plate (reduction to ammonia). The extract was neutralized, diluted, Wltered and the absorbance was read at 630 nm after incubation with sodium nitroprussid and sodium hypochlorite reagents (Flindt and Lillebo 2005) .
Phosphorus was extracted from 4-5 mg of combusted leaf or wood material (550°C, 4-6 h) by acid digestion (37% HCl) on a hot plate. The extract was Wltered, diluted and phosphorus was determined by the ascorbic acid method (Flindt and Lillebo 2005) .
Fungal biomass
We attempted to collect samples during periods of peak fungal biomass according to our previous experience. Sets of Wve leaf or veneer disks collected on day 0, 18 (alder), 40 (oak) and 47 (balsa) of the nitrate addition experiment were used to estimate fungal biomass associated with decomposing litter from ergosterol concentration. The disks were stored in 10 ml of KOH in methanol solution (8 g l ¡1 ) at ¡18°C until extraction. Lipid extraction and saponiWcation was carried out at 80°C for 30 min, with stirring. The extract was then puriWed by solid phase extraction (Gessner and Schmitt 1996; Gessner 2005) . Ergosterol was quantiWed by high performance liquid chromatography (HPLC) by measuring absorbance at 282 nm. HPLC system (Dionex, Sunnyvale, Calif., USA) was equipped with the Brownlee reverse phase C 18 column (Applied Biosystems, Foster City, Calif., USA) maintained at 33°C. The mobile phase was 100% methanol and the Xow rate was set to 1.5 ml min ¡1 . Ergosterol was converted into fungal biomass using a conversion factor of 5.5 mg ergosterol g ¡1 fungal dry mass (Gessner and Chauvet 1993) .
Aquatic hyphomycete sporulation
A set of Wve leaf or veneer disks was placed in 100-ml Erlenmeyer Xasks containing 25 ml of Wltered (glass Wber Wlters, Millipore APFF) water from the corresponding stream site. Incubations were carried out on an orbital shaker (100 rpm) for 48 h at 15°C to induce sporulation by aquatic hyphomycetes. The conidia suspensions were decanted in 50-ml centrifuge tubes, Xasks rinsed twice, and conidia Wxed with 2 ml of 37% formalin to be counted and identiWed later. The corresponding disks were saved and their AFDM was determined as described above. When preparing slides for conidia identiWcation, 100 l of 0.5% of Triton X-100 solution were added to the suspension to ensure a uniform distribution of conidia, stirred and an aliquot of the suspension was Wltered (Millipore SMWP, 5 m pore size). Filters were stained with cotton blue in lactic acid (0.05%) and spores were identiWed and counted with a compound microscope at 200 times.
Macroinvertebrates
Litter bag invertebrates were sampled only during the nutrient addition experiment. After rinsing each litter sample, invertebrates retained on sieve (500 m mesh) were collected and stored in 70% ethanol. IdentiWcation was done to genus or species level when possible, except for Oligochaeta and some Diptera (family and subfamily or tribe, respectively), and for Hydracarina and Ostracoda (presence). The invertebrates were classiWed into two categories: shredders and nonshredders (Tachet et al. 2000) . , where M o is the initial mass, M t is the remaining mass at time t and k is the decomposition rate). To account for rather small, but potentially important, diVerences in temperature between years, decomposition rates in degree days ¡1 were also calculated by replacing time (t) by the sum of mean daily temperatures accumulated by the sampling day. To compare decomposition rates, we used ANCOVA followed by Tukey's test (Zar 1999) . Relationships between nitrogen concentrations in water and decomposition rates were assessed by Michaelis-Menten-type saturation model (nonlinear curve Wtting) and linear regression. Nitrogen and phosphorus content of plant litter and associated fungal biomass were compared among sites by ANOVA followed by Tukey's test.
Sporulation rates of aquatic hyphomycetes and invertebrate and shredder abundances were compared among sites by ANOVA with time as blocking variable followed by Tukey's test. The mass of conidia produced at each sampling date was estimated by multiplying sporulation rate of each species by speciWc mass of single conidium that were either published (Chauvet and Suberkropp 1998) or calculated from published biovolume data (Bärlocher and Schweizer 1983) and summing up. Cumulative conidial production by the end of decomposition experiments (in mg of conidial AFDM per mg of initial litter) was calculated by summing up values of daily production at each sampling date and linearly approximated values for each day between sampling dates. Conidial production data at each sampling date were resampled with replacement (1,000 times) to calculate and compare the percentage of initial litter mass converted into conidia at each stream site and estimate 95% conWdence limits. The relationship between the nitrogen concentration in water and the percentage of litter converted into conidia was assessed by Michaelis-Menten-type saturation model. Multidimensional scaling (MDS) based on Bray-Curtis similarity matrix of mean abundances of aquatic hyphomycete conidia was performed for 75 samples (5 sites £ 3 substrate types £ 5 sampling dates) with Primer 6 software (Clarke and Gorley 2001) . ANOSIM test was used to assess diVerences in aquatic hyphomycete communities among substrates and sites (Primer 6; Clarke and Gorley 2001) . Relationships between nitrogen concentrations in water and mean abundances of aquatic hyphomycetes (based on spore production from both experiments) were assessed by Spearman rank correlation. Statistical analyses were done with SigmaStat 2 or Statistica 6 unless otherwise indicated.
Results
Decomposition
During the ambient nutrient conditions, we found that decomposition rates were generally similar to (alder) or even faster (oak and balsa) in the reference site than at most other sites (ANCOVA, Table 2 ). The relatively fast decomposition at site N4 during that season was probably caused by excessive mechanical abrasion during heavy rains due to suspended sediments in runoV from the unpaved road situated just upstream from site N4. In contrast, during the nitrate addition experiment, decomposition rates of oak at sites N1 and N4 and balsa veneers at N2, N3 and N4 were signiWcantly higher than those in the reference site (ANCOVA followed by Tukey's test, P=0.003 for oak and P<0.001 for balsa, Table 2 ). Decomposition rates for alder were similar among the experimental sites during the nitrate addition (ANCOVA, P=0.121). There was no signiWcant interaction (ANCOVA, P=0.310) between the eVects of substrate and nitrate (site) while both variables (ANCOVA, P < 0.001) had signiWcant eVects on decomposition rates during the nitrate addition.
Temperature corrected decomposition rates (degree days ¡1 ) of alder leaves were similar between years for all sites except N4 (see above). Decomposition was not signiWcantly diVerent in the reference site between years for oak and balsa, while it was signiWcantly faster during nitrate addition at sites N1 for oak and N2 and N3 for balsa (ANCOVA, P<0.001), suggesting that the observed diVerences are the result of our manipulation and not intrinsic diVerences among sites.
When decomposition data (degree days
¡1
) from both years (except N4 data at ambient conditions, see above) were considered, the relationship between nitrate concentration in water and decomposition rate of all substrates was best explained by MichaelisMenten-type saturation model (Fig. 2) . Linear regressions of log10(NO3-N) versus decomposition rates were also signiWcant for all substrates even though this simple model lacks theoretical basis.
Nitrogen and phosphorus in litter
Nitrogen content of alder leaves at day 25 (2.7-3.4%), oak leaves at day 55 (1.5-2.1%) and balsa veneers at day 86 (1.2-1.5%) was generally higher than initial content (2.5, 1.0 and 0.3%, respectively; Fig. 3 ), suggesting microbial N immobilization at least for veneers. The highest nitrogen values associated with oak and balsa veneers were found in the site N2 while no diVerences among sites were detected for alder leaves.
Phosphorus content of alder leaves (0.11-0.14%) and balsa veneers (0.13-0.16%) increased in comparison to the initial levels (0.09 and 0.01%, respectively), with a trend for higher values at the most N enriched sites (Fig. 3) . Phosphorus content of oak leaves was similar across all sites (0.10-0.11%) and did not increase in comparison to the initial level (0.11%; ANOVA, P>0.05; Fig. 3 ). No signiWcant relationships were found between nitrogen or phosphorus content of all three substrates and nitrogen concentration in water during the nitrate addition experiment (linear regressions, P>0.05).
Fungal biomass
Fungal biomass associated with alder leaves at day 18 was signiWcantly higher in the nitrate enriched sites (114-132 mg g ¡1 AFDM) than in the reference site (67 mg g ¡1 AFDM; ANOVA, P<0.01, Fig. 3 
Sporulation of aquatic hyphomycetes
Under ambient nutrient conditions sporulation rates of aquatic hyphomycetes were similar among all sites for Fig. 4 ). However, no diVerences in conidial production among the enriched sites (with the only exception of N2 and N4 for balsa veneers) were found. The percentage of initial alder and oak leaf litter and balsa wood converted into conidia by the end of experiment was higher in the enriched sites in comparison to the reference site in all instances during the nitrate addition experiment (Fig. 3) . The relationship between nitrate concentration in water and percentage of initial litter AFDM converted into conidia was well described by Michaelis-Menten-type saturation model (Fig. 5) .
A total of 23 species of aquatic hyphomycetes were identiWed in this study (Table S1 ). We did not Wnd apparent diVerences in total species richness among experiments or sites. Tetrachaetum elegans (mean relative abundance 43-83%) dominated fungal communities associated with alder leaves in all sites during the ambient conditions experiment. Lemonniera aquatica (30%) and Lemonniera terrestris (29%) assumed dominance in the reference site, while T. elegans (31-60%) and Articulospora tetracladia (18-29%) dominated on alder in the enriched sites during nitrate addition experiment. On oak leaves, T. elegans dominated in all sites during both experiments (35-79%). Fungal community associated with balsa veneers was quite diVerent from those of leaf litter. Anguillospora crassa (27-64%) followed by Clavariopsis aquatica (17-50%) dominated on wood in all sites during the ambient conditions experiment and in the reference site during the nitrate addition. Their ranks switched (45-62% for C. aquatica and 17-34% for A. crassa) in the enriched sites during the nitrate addition experiment.
MDS ordination (Fig. 6) P=0.11 and R=0.05 for sites during the nitrate addition). Discrimination among samples by substrate type was mainly due to presence or absence of some species on a certain substrate; e.g. A. tetracladia, Flagellospora curvula and T. elegans occurred almost exclusively on leaves while A. crassa and C. aquatica preferred wood veneers (Table S1 ). Overall, the fungal community data was not useful in discriminating stream sites even when each substrate was considered separate. However, a few species were sensitive to nitrogen concentration in water and changed their sporulation rates accordingly. For example, A. tetracladia (on alder leaves), and T. elegans (oak) increased their conidia production with increased nitrogen concentration in water (Spearman rank correlation, P<0.05) while Alatospora acuminata (oak) had lower sporulation rates in nutrient enriched sites (Spearman rank correlation, P<0.05) (Table S1 ).
Macroinvertebrates
Abundance of invertebrates colonizing litter bags during the nitrate addition reached peaks of 28, 128 and 21 Initial litter AFDM converted into conidia (%)
individuals g ¡1 AFDM for alder, oak and balsa, respectively (data not shown). Shredders represented 4-96% of the total invertebrates. Overall, shredder abundance was low, typically less than Wve individuals g ¡1 AFDM. No signiWcant diVerences were found among sites for all three substrates for either total invertebrate or shredder abundances (ANOVA, P>0.27).
Discussion
Decomposition of plant litter and associated microbial activity and invertebrate colonization depend on both substrate qualities and a suite of stream characteristics.
The design of this study compares favorably with many correlative studies where the eVects in question can be confounded by uncontrolled variability of other parameters. During the nitrate enrichment, decomposition rates of oak (but not alder) leaves and balsa veneers were generally higher than those under ambient nutrient conditions, and the slowest decomposition was found in the reference site, suggesting that the observed diVerences were caused by the nitrate addition and not intrinsic diVerences among sites. Such stimulation of litter decomposition by increased nitrogen concentration in water has been shown by Elwood et al. (1981) for ammonium in an enrichment experiment and by Nikolcheva and Bärlocher (2005) for nitrate in correlative study, but was not found by Grattan and Suberkropp (2001) in a nitrate enrichment study. Overall, decomposition rates of alder leaves in our experiment were comparable to those reported in previous studies for the Iberian Peninsula (Pozo et al. 1998; Pascoal et al. 2001 Pascoal et al. , 2003 Pascoal et al. , 2005 , while oak showed faster decomposition than previously reported (Molinero et al. 1996) . Decomposition of balsa veneers has not been previously studied in aquatic systems. It had relatively high decomposition rates in our experiments probably due, in part, to high surface to volume ratio and low density. However, decomposition rates were lower than those reported by Gulis et al. (2004) for oak veneers in a nutrient enriched stream.
We found no obvious trends in decomposition rates between sites N1-N4 during the nitrate addition, suggesting that factors other than nitrate (e.g., mechanical fragmentation, invertebrate feeding, etc.) considerably aVected decomposition rates at each particular site. Nevertheless, when k-values from both experiments were pooled, signiWcant relationships with nitrogen concentrations in water were found for all substrates (Fig. 2) . Michaelis-Menten-type saturation model better explained our experimental data than linear regression of log transformed nitrate concentration versus decomposition, even though both models were signiWcant. Apparent nutrient saturation occurred at relatively low nitrate concentrations (half saturation constant K m was less than 52 g NO 3 -N l ¡1 for all substrates), suggesting that even slight increases in nitrate concentration in water may lead to signiWcant changes in decomposition rates. It is not surprising that decomposition of balsa veneers (low quality, low nutrient substrate) was the most nitrate limited (highest K m ), while decomposition of alder (high N substrate) was the least nitrate limited (lowest K m ). The magnitude of the response to nutrient enrichment has previously been shown to be driven in part by substrate C:N ratio (Stelzer et al. 2003; Gulis et al. 2004 ). The absence of consistent diVerences in nitrogen and phosphorus content of all substrates among sites suggests that nutrient immobilization did not increase with higher nitrate concentration in water. The opposite was observed by Gulis and Suberkropp (2003) and Gulis et al. (2004) in a stream enriched by both N and P. Fungal biomass associated with alder leaves and balsa veneers during the nitrate addition was signiWcantly higher in the enriched sites than in the reference site. It is surprising that we did not observe similar response for oak litter, especially in view of clearcut sporulation results (see below). Since fungal biomass often increases to a maximum and then declines, we may have missed the ergosterol peak on oak litter because leaves from only one sampling date were analyzed. Experimental enrichment of stream water with nitrate has been reported to increase fungal biomass associated with yellow poplar litter (Grattan and Suberkropp 2001) but no eVect has been found for two species of leaves and Wve types of wood in another experiment (Stelzer et al. 2003) . In the latter case, fungi were probably P limited due to extremely low ambient SRP of stream water and, hence, N addition alone did not stimulate fungi. Our stream, in contrast, had high natural P availability.
During our nitrate enrichment experiment, sporulation rates of aquatic hyphomycetes were stimulated at the most enriched sites, which is in agreement with previous correlative studies (Suberkropp and Chauvet 1995; Nikolcheva and Bärlocher 2005) , enrichment experiment (Grattan and Suberkropp 2001) and laboratory studies (e.g., Suberkropp 1998; Sridhar and Bärlocher 2000) . In our study, the percentage of initial litter AFDM converted into conidia was also higher in the enriched sites than in the reference site for all substrates. Surprisingly, the extent to which cumulative conidial output was stimulated was similar among substrates. The ratio of the percentage of initial litter AFDM converted into conidia by the time of 60-70% mass loss between the reference and the most enriched site (N1) for all substrates ranged between 2.2 and 2.3. This disagrees with the previous report of stronger stimulation of fungal sporulation by nutrient enrichment on lower quality than on high quality substrates (Gulis and Suberkropp 2003) . We also found strong asymptotic relationship between the nitrate concentration in water and eYciency of converting organic substrate into conidia (Fig. 5) . Huryn et al. (2002) also applied the Michaelis-Menten-type model to describe the relationship between nitrate in stream water and rate of leaf litter softening (penetrometry), which is thought to reXect microbial activity (Suberkropp et al. 1983 ). The K m values from our study are about an order of magnitude higher than those reported by Huryn et al. (2002) , though they are not directly comparable because of diVerent parameters measured and much higher SRP concentration in our stream that probably led to higher biotic N demand. Nevertheless, our K m estimates are still relatively low to suggest that sporulation of aquatic hyphomycetes is quite sensitive to nitrate concentration in water and even low levels of eutrophication may cause profound changes in fungal activity and hence plant litter decomposition. The similarity between this saturation-type relationship for conidia production and the relationship between the nitrate concentration in water and litter decomposition rates (Fig. 2) suggests that aquatic hyphomycetes are indeed major players in litter decomposition in streams (e.g., Gessner and Chauvet 1994) .
Only 23 species of aquatic hyphomycetes were identiWed from decaying litter in this study while 42 species were recorded from water samples from the same stream by Bärlocher and Graça (2002;  the stream is referred to as Margaraça 1 there). The diVerence in sampling technique and the fact that samples were collected over 12-month period in their study versus only 3 months in autumn in our study could explain the diVerence in species richness. Overall, the fungal community data were not useful in discriminating among sites even though some fungal species were sensitive to nitrate concentration in water and increased or decreased their contribution to the total spore production (Table S1 ). Similar sensitivity of certain fungal species to inorganic nutrients in water was reported by Gulis and Suberkropp (2003) and Pascoal et al. (2005) . In our study, fungal communities were discriminated rather by the substrate type since some species showed clear preference toward either leaves or wood. The fungal assemblages colonizing balsa veneers were diVerent from those colonizing leaves as they had lower number of species that were present in a diVerent proportion in comparison to what was observed on leaves that led to a good separation in MDS analysis (Fig. 6) . Surprisingly, even the two leaf species were diVerentiated to some degree based on their fungal assemblages. The diVerences between fungal communities colonizing leaves versus wood were previously reported by Gulis (2001) based on conidia occurrences while Nikolcheva and Bärlocher (2005) did not Wnd a strong eVect of the substrate (including wood) on fungal communities using both traditional and molecular techniques.
Our nitrate enrichment did not aVect total invertebrate or shredder abundances. This could be explained by the relatively short duration of nitrate exposure (1the concentration used, nitrate did not directly aVect invertebrates causing drift or appreciable migration to or from the impacted sites. Cross et al. (2005) found that long-term N and P enrichment of a headwater stream resulted in increased invertebrate abundances and production that was probably mediated by stimulated microbial activity. Our experiment was too short to notice such an increase. Nevertheless, some studies (Pearson and Connolly 2000; Robinson and Gessner 2000) reported increased invertebrate abundance associated with decaying leaves after a few months of fertilization.
Overall, nitrate enrichment of stream water appeared to stimulate plant litter decomposition, biomass and sporulation rate of aquatic hyphomycetes, which is in line with observations from correlative studies by Suberkropp and Chauvet (1995) and Nikolcheva and Bärlocher (2005) . In our experiment, the response of fungi and, consequently, decomposition rate to nitrate was best described by the Michaelis-Mententype saturation model, suggesting that responses to nutrient enrichment depend on absolute level of nutrient availability in streams. It appears that microbial nitrogen demands can be met at relatively low levels of nitrate (one or two orders of magnitude lower than can be encountered in polluted streams) that suggests that even minor increases in dissolved nitrogen in streams due to, e.g., anthropogenic eutrophication may lead to signiWcant shifts in microbial dynamics and ecosystem functioning.
